Abstract: Densities, r, viscosities, h, and refractive indices, n D , of solutions of some amino acids (glycine, DL-alanine, DL-a-amino-n-butyric acid, L-valine and L-leucine) in the concentration range 0.02 to 0.10 m in 5 % (v/v) aqueous glycerol were determined at 298.15, 303.15, 308.15 and 313.15 K. These experimental data were used to calculate the apparent molar volumes, f v , the infinite dilution apparent molar volumes, f v 0 , the partial molar volumes of transfer, f v 0 (tr) , of the amino acids from aqueous to aqueous glycerol solution, as well as the viscosity A and B coefficients of the Jones-Dole equation of the amino acids. The free energies of activation of viscous flow, Dm 1 0# and Dm 2 0# per mole of solvent and solute, respectively, were obtained by application of the transition-state theory to the B coefficient data and the corresponding activation enthalpy, DH * , and entropy, DS * , were also determined. The f v 0 , B coefficients and Dm 2 0# were found to vary linearly with increasing number of carbon atoms in the alkyl chain of the amino acids, and they were split into contributions from the zwitterionic end groups (NH 3 + , COO -) and methylene (CH 2 ) groups of the amino acids. The experimental values of the refractive indices, n D , were used to calculate the molar refractive indices, R D , of the amino acids + aqueous glycerol ternary mixtures. The results were interpreted in the light of the solute-solvent and solute-solute interactions in the mixed solvents.
INTRODUCTION
Hydration of proteins is an important factor responsible for maintaining their native structures in aqueous solutions. The specific interactions of water with various functional groups on the protein, as well as other solvent-related effects, contribute to the formation of the stable folded structure of proteins in solutions. 1 As proteins are complex macromolecules, the direct study of these important protein-water interactions is difficult. The small amino acid molecules incorporate some of the sructural features found in proteins and have been used as model compounds for specific aspects of proteins in aqueous solution. 2, 3 Amino acids are basic component of proteins and are considered to be one of the important model compounds of protein molecules, which participate in all the physiological processes of living cells.
The properties of amino acids in aqueous alcohol solutions have been studied by some workers [4] [5] [6] in order to obtained a better understanding of solute-solvent interactions and the role of alcohol on the conformational stability of proteins.
It has been reported 7, 8 that polyhydric alcohols increase the thermal stability of proteins or reduce the extent of their denaturation by other reagents. The properties of solutions of polyols in aqueous and mixed solutions are important in many areas of applied chemistry and are essential for understanding the chemistry of biological systems 9, 10 and act as a vehicles for pharmaceuticals or cosmetics when introduce into living organisms. Glycerol is found as a primary biomolecule in the intenstines, as a product of lipids, and also in the liver, where it participates in the metabolism of glucose. 6 These considerations led us to investigate the interactions of amino acids in aqueous glycerol solution at different temperatures.
As a part of ongoing studies 4, 11, 12 on the thermodynamic and transport properties of amino acids in various aqueous mixed solvents, the densities, r, viscosities, h and retractive indices, n D of 5 % v/v aqueous glycerol (mixed solvent) and of 0.02, 0.04, 0.06, 0.08, and 0.10 m (mol kg -1 ) amino acids (glycine (Gly), DL-alanine (Ala), DL-a-amino-n-butyric acid (Abu), L-valine (Val), and L-leucine (Leu)) in aqueous glycerol at 298.15, 303.14, 308.15, and 313.15 K are reported here. The experimental values of r and h were used to estimate the apparent molar volume, f v , the partial molar volume at infinite dilution, f v 0 , the partial molar volume of transfer, f v 0 (tr) , and the viscosity A and B coefficients of the Jones-Dole 13 equation. Free energies of activation of viscous flow, Dm 1 0# and Dm 2 0# per mole of solvent (mixed) and solute (amino acid), respectively, were obtained by employing the transition-state theory 14 to the B coefficient data and the corresponding activation enthalpy, DH * , and entropy, DS * , were also estimated. The experimental values of n D were used to compute the molar refractivity, R D , of the ternary mixtures under study. The contributions of the charged end groups (NH 3 + , COO -) and CH 2 groups of the side-chain of the amino acids to f v 0 ,the B coefficients and Dm 2 0# were also estimated. All these parameters were used to interpret the solute-solute and solute-solvent/cosolvent (glycerol) interactions in the present ternary mixtures.
EXPERIMENTAL
Glycine and DL-alanine were the same as used in previous work 12 and were used without further purification, except drying over P 2 O 5 for 72 h. DL-a-amino-n-butyric acid (CDH, 99 %), L-valine (Loba Chemicals, 99 %), and L-leucine (Thomas Baker, 99 %) were recrystallized from ethanol + water mixtures and dried over P 2 O 5 in a desiccator for 72 h before use. Glycerol (Merck, 98 %) was purified as described in the literature. 15 Aqueous glycerol (5 % v/v) mixed solvent was used to prepare 0.02, 0.04, 0.06, 0.08, and 0.10 m amino acid solutions. Deionized and doubly dis-tilled water was used for the preparation of the solutions. All solutions of the ternary mixtures were freshly prepared and kept in airtight bottles to minimized the absorption of atmospheric moisture and carbon dioxide. To prevent the formation of air bubbles, all solutions were preheated to 5°C above the measuring temperatures before taking the reading. A Precisa XB-220A (Swiss make) electronic balance with an accuracy of ±0.0001 g was used for the weighings. Densities of aqueous glycerol and those of the five amino acids in this mixed solvent were measured at 298.15, 303.15, 308.15 and 313.15 K, using a single capillary pycnometer of bulb capacity 8´10 -3 dm 3 . The capillary, with graduated marks, had a uniform bore and could be closed by a well-fitting glass cap. The marks on the capillary were calibrated using double distilled water. The pycnometer was kept for about 30 min in an electronically controlled thermostated water bath in order to minimize thermal fluctuations and the position of the liquid level on the capillary was noted. For the viscosity measurements, a suspended-level Ubbelohde type 16 viscometer with a flow time of 300 s for water at 298.15 K was employed. The viscometer was calibrated with pure water and the viscosities were averaged from three readings for each solution. The accuracy in the density and viscosity measurements were found to be ± 0.01 kg m -3 and 3´10 -6 N m -2 s, respectively. The refractive indices were measured with the aid of an Abbe-refractometer to an accuracy of ± 0.0001. The calibration of the refractometer was done by measuring the refractive indices of pure water and benzene at a known temperature. All necessary precautions were taken during the measurements of r, h and n D . The desired temperatures of the solutions for the measurements of r, h and n D were maintained in an electronically controlled thermostated water bath (Julabo, Germany) to an accuracy of ± 0.02 K.
RESULTS AND DISCUSSION
The densities, r, viscosities, h and refractive indices, n D data measured for aqueous glycerol and for the 0.02, 0.04, 0.06, 0.08 and 0.10 molal solutions of the five amino acids in aqueous glycerol at 298.15, 303.15, 308.15, and 313.15 K are listed in Table I . The apparent molar volumes, f v , of the amino acids in the ternary solutions can be calculated from the solutions densities, r, by the relation:
where M and m are, respectively, the molar mass and molality of the amino acids, and r 0 is the density of the solvent (aqueous glycerol). The f v values of the amino acids as functions of molality and temperature are given in Table II . The apparent molar volumes of the amino acids were found to be a linear function of molality over the studied concentration range. Hence, the apparent molar volumes at infinite dilution, f v 0 (also known as the partial molar volume at infinite dilution) of the amino acids were obtained from the linear least-squares fit of the f v data to the equation:
f v 0 provides information regarding solute-solvent interactions; S v * is the experimental slope, which is some times considered to be the volumetric pairwise interaction coefficient 17 and is a measure of solute-solute interactions and m is the molality of the solute (amino acid). The regression coefficients f v 0 and S v * of Eq. (2) for the amino acids in aqueous glycerol at different temperatures are presented in Table III . The transfer volumes, f n 0 (tr) of the amino acids from water to aqueous glycerol solution, also included in Table III , were calculated from the relation: The alkyl chain of the homologous series of amino acids investigated in this work are as follows: CH 2 -(Gly), CH 3 CH-(Ala), CH 3 CH 2 CH-(Abu), CH 3 CH 3 CHCH-(Val) and CH 3 CH 3 CHCH 2 CH-(Leu). It was observed that the values of f v 0 of the present amino acids in aqueous glycerol vary linearly with the number of carbon atoms, n C , in their alkyl chains at a given temperature. Similar linear correlation for the homologous series of a-amino acids has also been reported in aqueous 19 
where f v 0 (NH 3 + , COO -) and f v 0 (CH 2 ) are the zwitterionic end groups and the methylene side group contributions to f v 0 , respectively. These values are included in Table IV . The values of f v 0 (CH 2 ) obtained by this procedure characterize the mean contribution of CH and CH 3 groups to the f v 0 of the amino acids. As suggested by Hakin et al., 20, 21 the contribution of the other alkyl chains of the amino acids, reported in Table IV , were calculated as follows: 
To pursue the analysis of the interactions of amino acids in aqueous glycerol through a viscometric study, the viscosity data, Table I , obtained for both solvent and solutions as a function of amino acid concentration and temperature were used to calculated the B coefficient of the viscosity for all five amino acids in aqueous glycerol solution using the Jones-Dole equation: 13 h r = h/h 0 = 1+ Ac 1/2 + Bc
where c is the molarity (calculated from molality) of the amino acid in solution, h r is the relative viscosity, h and h 0 are the viscosities of the solution and solvent (aqueous glycerol), respectively. A, the Falkenhagen coefficient, is a measure of solute-solute interactions theoretically and B, the Jones-Dole coefficient, is empirical and is a function of the solute-solvent interactions. The viscosity A and B coefficients were obtained from the intercepts and slopes of the plots of (h r -1)/c 1/2 versus c 1/2 and are given in Table V . According to Eyring and co-workers, 22 
where h, N A , and V 1 0 are the Planck constant, Avogadro number and partial molar volumes of the solvent, respectively.
Feakins and co-workers 14 applied the transition state treatment of relative viscosity to solutions and showed that the B coefficient is given as:
where are obtained as:
The values of Dm 1 0# and Dm 2 0# for the amino acids in aqueous glycerol at 298.15, 303.15, 308.15 and 313.15 K are listed in Table V . The total free energy of activation of viscous flow of the solution, Dm 0* , was calculated from the relation:
where n 1 and n 2 are the number of moles of mixed solvent and solute, respectively. The values of Dm 0* are presented in Table VI . The thermodynamic data, DH * and DS * of all the amino acids in aqueous glycerol were calculated using the following Equation and are listed in Table VI :
The DH * and DS * values were obtained from the intercepts and slopes of the plots of Dm 0* versus T. DH * and DS * values have proved useful in yielding structural information about solute species and about solute-solvent interactions. The molar refractivity, R D , of the mixtures under study can be calculated from the refractive indices, n D , data using the Lorentz-Lorenz Equation:
Volumetric properties, such as, f v , f v 0 and f v 0 (tr) , are regarded as sensitive tools for the understanding of interactions in solutions. The apparent molar volume can be considered to be the sum of the geometric volume of the solute molecule and changes in the solvent volume due to its interaction with the solute. Table II shows that the values of f v are large and positive for all five systems, suggesting strong solute-solvent interactions. The apparent molar volumes were found to decrease with increasing concentration of amino acid in aqueous glycerol and increase with increasing temperature for all the amino acids under study. Table III shows that the values of f v 0 are large and positive for all the amino acids at all the investigated temperatures, suggesting the presence of strong solute-solvent interaction. 23 Furthermore, at each temperature, the values of f v 0 increase with increasing number of carbon atoms (or size of alkyl group) from Gly to Leu. A similar increaase in f v 0 with increasing number of carbon atoms for amino acids in aqueous glycerol, at 298.15 K, was also reported by Banipal et al. 6 The behavior of f v 0 for the present systems can be explained employing the cosphere model, proposed by Friedman and Krishnan, 24 according to which the effect of overlap of hydration cospheres is destructive. Mishra et al. 25 using this model observed that an overlap of cospheres of two ionic species causes an increase in volume, whereas an overlap of hydrophobic-hydrophobic groups and ion-hydrophobic groups results in a net decrease in volume. Thus, the observed positive f v 0 values, Table III , is due to the effect of ion-hydrophilic interactions (between zwitterionic centres of the amino acids and the -OH groups of glycerol) which predominate over ion-hydrophobic interactions (between zwitterionic centres and non-polar parts of glycerol) and hydrophobic-hydrophobic interactions (between non-polar parts of the amino acids and glycerol) and increase in the order Gly < Ala < Abu < Val < Leu at each investigated temperature. This indicates the trend of the strength of the solute-solvent interactions in the ternary mixtures. The values of f v 0 were found to increase with increasing temperature. This may be attributed to the release of some solvation molecules from the loose solvation layers of the solutes in solution. Furthermore, the S v * values, Table III , are negative for all five amino acids, suggesting weak solute-solute interactions. Table III shows that the transfer volumes, f v 0 (tr) of the amino acids from aqueous glycerol to aqueous solution at the three investigated temperatures (298.15, 308.15 and 313.15 K) are positive and decrease as the size of the alkyl chain of the amino acid increases from Gly to Leu. Banipal and co-workers 6 also reported a decrease in the f v 0 (tr) value with increasing size of the non-polar side chain of amino acids in aqueous glycerol. The introduction of a CH 3 group in Ala, a CH 3 CH 2 group in Abu, a (CH 3 ) 2 CH group in Val and a (CH 3 ) 2 CHCH 2 group in Leu provides an additional tendency of hydrophilic-hydrophobic and hydrophobic-hydrophobic interactions causing greater electrostriction of water molecules, resulting in a decrease of the f v 0 (tr) values from Gly to Leu. This is in good agreement with the conclusion drawn by Li et al. 26 in a study of Gly, Ala and Ser in aqueous glycerol at 298.15 K.
Moreover, the contribution of the zwitterionic end group (NH 3 + , COO -) and a methylene group (CH 2 ), calculated using Eq. (4), and the contributions of other alkyl chains of the amino acids, calculated using Eqs. (5) and (6) , to f v 0 are included in Table IV 27 for some a-amino acids in aqueous sodium caprylate solutions.
The f v 0 (tr) values for the homologous series of amino acids against the number of carbon atoms, n C , in their alkyl chains at three different temperatures are shown in Fig. 1 . Good linear relations were observed, compared with previous results. 4 Table V . It can be observed that the B coefficients are larger than the A coefficients, except for Gly at308.15 and 313.15 K, supporting the behavior of f v 0 and S v * , respectively, both suggesting stronger solute-solvent interactions as compared to solute-solute interactions. Table V shows that the values of the B coefficients of all five amino acids decrease with increasing temperature, i.e., the dB/dT values are negative. The negative dB/dT values for the present amino acids in aqueous glycerol indicate that these amino acids behave as structure-makers. This is consistent with a previous study 12 of the B coefficient for amino acids in aqueous glucose solution.
Moreover, it is interesting to note that the B coefficients of the studied amino acids show a linear correlation with the partial molar volumes f v 0 for the amino acids in aqueous glycerol solution. This means:
The coefficients A 1 and A 2 are included in Table VII . This correlation is not unexpected, as both the viscosity B coefficient and the partial molar volume reflect the solute-solvent interactions in the solutions. A similar correlation was also used for amino acids in different solvents. 28 It is evidented from the data in Table V 14 the solutes (amino acids) behave as structure-makers. This again supports the behavior of dB/dT for these solutes in aqueous glycerol. The Dm 2 0# values (Table V) of the amino acids were found to increaase from Gly to Leu at a given temperature. This indicates that the solvation of the amino acids in the transition state becomes increasingly unfavorable as the hydrophobicity (number of carbon atoms) of the side chain increases from Gly to Leu.
The values of the activation enthalpy, DH * and entropy, DS * , calculated using Eqs. (12) and (13), of the amino acids + aqueous glycerol mixtures are listed in Ta-ble VI. The data reveal that the DH * values of the ternary mixtures are positive and increase regularly with increasing concentration of amino acid, thereby, suggesting that the formation of activated species for viscous flow becomes difficult as the amount of amino acid in the mixtures increases. The small values of DS * , which increase with increasing concentration of amino acids, for all the studied mixtures, suggest that the net order of the system decreases as the concentration of amino acid in the mixture increases. Thus, the behavior of DS * supports that of DH * .
The observed values of the refractive index, Table I , increase with increasing concentration of the amino acids in the mixture. This reflects that the refractive index is directly related to the interactions in the mixture. However, a more useful parameter, the molar refractivity of the system, R D , calculated using Eq. (14) , and graphically shown in Fig. 2 , increases almost linearly with increasing amount of amino acid in all the ternary mixtures. Since R D is directly proportional to molecular polarizability, Fig. 2 reveals that the overall polarizability of the systems increases with increasing concentration of amino acid. The R D values were plotted for a single temperature, as the variation in this parameter with temperature is not large. 
